The mechanism for phonon scattering by nanostructures and by point defects in nanostructured silicon (Si) and the silicon germanium (Ge) alloy and their thermoelectric properties are investigated. We found that the thermal conductivity is reduced by a factor of 10 in nanostructured Si in comparison with bulk crystalline Si. However, nanosize interfaces are not as effective as point defects in scattering phonons with wavelengths shorter than 1 nm. We further found that a 5 at: % Ge replacing Si is very efficient in scattering phonons shorter than 1 nm, resulting in a further thermal conductivity reduction by a factor of 2, thereby leading to a thermoelectric figure of merit 0.95 for Si 95 Ge 5 , similar to that of large grained Si 80 Ge 20 alloys.
Solid state energy conversion between heat and electricity based on thermoelectric effects is attractive in waste heat recovery and environmentally friendly refrigeration [1] . The conversion efficiency depends on the dimensionless thermoelectric figure of merit ZT ¼ ðS 2 =ÞT, where S, , , and T are the Seebeck coefficient, electrical conductivity, thermal conductivity, and absolute temperature, respectively [1] . Good thermoelectric materials behave as crystals for electrons and glasses for phonons [2] . However, such materials are rare in nature and are not easily engineered in the laboratory. After the 1950s, ZT did not significantly improve for almost another 40 years. In the early 1990s, Hicks and Dresselhaus proposed the possibility to enhance ZT with nanostructures [3] . Recently, a number of studies reported high ZT values using nanostructures [4] [5] [6] [7] [8] . In these studies, the ZT enhancement in nanostructures was mostly due to their low thermal conductivity, which is attributed to phonon scattering by their large density of interfaces [9, 10] . Among the various nanostructured materials, the nanostructured composite (nanocomposite) approach [7, 8, 10] seems to be the best.
For nanocomposites, when the grain size is smaller than the mean free path of a phonon, additional phonon scattering at boundaries will occur and the thermal conductivity is thereby reduced. The idea of reducing the thermal conductivity with smaller grains has been suggested since the 1980s [11] , but most experimental efforts failed because the small grains also reduced the power factor S 2 . Only recently, has a noticeable enhancement in ZT been achieved for the AgPbSbTe composite system [12] , and for p-type BiSbTe [7, 8] , n-type Si 80 Ge 20 [13] and p-type Si 80 Ge 20 [14] systems. However, the reduction in from the alloying comes through scattering by point defects, while for the nanosize effect it comes from the strong interface scattering of phonons. These two causes for phonon scattering could not be separated from one another in these studies. This distinction is the focus of the present Letter.
In focusing on the mechanisms of the reduction in the thermal conductivity in nanograined materials by comparison of the phonon scattering processes in pure Si and in Si containing a low Ge concentration, we note that pure Si does not have point defect scattering from Ge, and hence offers an opportunity to study the scattering of grain boundaries, while the addition of Ge increases point defect scattering. In the present work we find experimentally that nanograins play a very important role in increasing the phonon scattering for phonons with wavelengths in the nanometer range. However, point defect scattering, caused by alloying Ge into Si, is more effective in scattering phonons than just using pure Si nanostructures especially for scattering phonons with wavelengths of less than 1 nm. In the present work we show that a combination of nanograins and a 5 at: % Ge replacement of Si, that is Si 95 Ge 5 , produces both a reduction in the thermal conductivity and a similar ZT value to that of bulk Si 80 Ge 20 alloys.
In our work, chunks of Si and Ge (Alfa Aesar), phosphorus (P) and gallium phosphide (GaP) (Sigma Aldrich) are pulverized into a powder until the desired nanosize particles are obtained [7, 8, 10, 13, 14] . P, a typical n-type dopant, introduced into our samples is 2:5 at: %, which is larger than the maximum bulk solubility limit of 1 at: %. With the addition of GaP and the introduction of nanosized particles, the solubility limit of P in Si or SiGe increases [15] . X-ray diffraction (XRD), scanning electron micros-
week ending 15 MAY 2009 copy (SEM), and high resolution transmission electron microscopy (HRTEM) are used to characterize the structures of the samples. The nanopowder is pressed into disc specimens with a diameter of 12.7 mm and a thickness of a few mm by a quick dc hot press process [7, 8, 10, 13, 14] . The density of the hot pressed sample is measured using an Archimedes' kit and the value is very close to the theoretical density [16] . The thermal conductivity is measured using a laser flash system (Netzsch LFA457), and the electrical conductivity and Seebeck coefficient are measured simultaneously in a multiprobe transport system (Ulvac ZEM-3). The carrier concentration is measured using the van der Pauw method [17] . Also, due to the heavy doping in the nanostructured Si 95 Ge 5 and Si samples and the activation of excess dopant (P) at high temperature during the measurement process, our nanostructured Si and nanostructured Si 95 Ge 5 samples show different trends for the temperature-dependent electrical conductivity and Seebeck coefficient from those of the bulk Si. In fact, the power factor of the nanostructured Si 95 Ge 5 sample is much higher than that of the bulk Si 80 Ge 20 RTG sample [ Fig. 3(c) ], especially at temperatures above 300 C. The main advantage of the nanostructure approach for Si 95 Ge 5 is that we can maintain the high electrical conductivity and power factor as shown in Figs. 3(a) and 3(c) and, at the same time, we can reduce the phonon thermal conductivity significantly. Such joint behavior does not occur in bulk samples. Figure 3(d) shows the temperature-dependent thermal conductivity of the nanostructured Si and nanostructured Si 95 Ge 5 samples in comparison with bulk Si and bulk Si 80 Ge 20 RTG samples. The thermal conductivity of the nanostructured Si shows a significant reduction (by about a factor of 10) compared with that of the heavily doped bulk Si, which is around 100 W=m Á K at room temperature, a clear demonstration of the nanosize effect on phonon scattering. Moreover, with a 5 at: % replacement of Si by Ge, the thermal conductivity value of the nanostructured Si 95 Ge 5 is even lower, close to that of the bulk Si 80 Ge 20 RTG sample, caused by both the nanosize and point defect scattering effects in nanostructured Si 95 Ge 5 . Since the bulk Si 80 Ge 20 RTG sample has 20 at: % Ge, and our nano Si 95 Ge 5 sample has only 5 at: % Ge, a weaker alloy phonon scattering effect is expected in Si 95 Ge 5 . When the Ge concentration is increased from 5 to 20 at: %, the thermal conductivity is decreased by another factor of 2 to about 2-3 W=m Á K, but the power factor is also decreased [13] accordingly because of the reduced charge mobility due to the alloy scattering of charge carriers.
The thermal conductivity of nanostructured Si 95 Ge 5 has also been investigated by modeling based on Callaway's model [20] in combination with a modified effective medium theory [21] to consider the effect of nanosized grains. Figure 4 (a) shows the mean free path of phonons vs phonon wavelength. For bulk Si, only three-phonon scattering and electron-phonon scattering are the dominant scattering mechanisms. As a 5 at: % of Ge is added, the scattering rate increases significantly due to point defect scattering. For pure Si, the mean free paths for most of the phonons will be limited by the small grain size. For Si 95 Ge 5 , the small grain size significantly reduces the mean free path of phonons at long wavelengths. Figure 4(b) shows the accumulative thermal conductivity normalized to the thermal conductivity of bulk Si as the phonon wavelength is increased. The thermal conductivity of pure Si is reduced almost by an order of magnitude using nanograins, since a 20 nm grain can reduce the mean free path of phonons at almost all wavelengths. By adding a 5 at: % Ge, alloy scattering can reduce the thermal conductivity more significantly than using nanograins in Si. As shown in Fig. 4(a) , the mean free path by alloy scattering is even smaller than the grain size (20 nm) for phonon wavelengths less than 1 nm, and the contribution of short wavelength phonons is large. Nanosized grains in Si 95 Ge 5 can further reduce the thermal conductivity by limiting the mean free path of phonons with wavelengths larger than 1 nm. As   FIG. 4 (color online) . Modeling results for the thermal conductivity at room temperature: (a) mean free path vs phonon wavelength and (b) accumulative thermal conductivity ratio vs phonon wavelength for different Ge ratios and grain sizes. shown in Fig. 4(b) , the thermal conductivity of nanograined Si 95 Ge 5 is reduced by a factor of 2 from bulk Si 95 Ge 5 . Thus, by using the nanostructures and also adding only a small amount of Ge, the thermal conductivity can be reduced to as low a value as for a SiGe alloy with a much higher Ge ratio. Figure 3 (e) shows that the calculated thermal conductivity of nanostructured Si 95 Ge 5 matches well with the experimental results [ Fig. 3(d) ]. The electron contribution to the thermal conductivity is calculated from the electrical conductivity measurement results using the WiedemannFranz Law. The Lorenz number is calculated from the bulk model. Our modeling results show that the Lorenz number in bulk SiGe alloy varies from 1.3 to 2.2 from 25 C to 1000 C, and that variation within any specific temperature is 0.2 for the range of the doping concentration in our samples. The calculated phonon thermal conductivity dropped below 4 W=m Á K at room temperature and reached $3 W=m Á K at 900 C [ Fig. 3(e) ]. The low thermal conductivity for the nanostructured Si 95 Ge 5 system is mainly attributed to both the enhanced boundary phonon scattering and the alloy effect. Thus, due to the significant thermal conductivity reduction without reducing the power factor, ZT of the nanostructured Si 95 Ge 5 shows a maximum value of 0.95 at 900 C, which is about the same as that of the bulk Si 80 Ge 20 RTG sample [ Fig. 3(f) ].
While phonon scattering at the grain boundary can be explained by a modified effective medium theory, electron scattering due to a grain boundary with nanosize particles has not yet been well investigated. Our measurement results show that the electrical conductivity is slightly lower than the value expected for the given carrier concentration. There may be different explanations for the additional carrier scattering caused by grain boundaries, but the most plausible reason might be the electron potential variation at the grain boundaries due to defect sites and/ or dopant precipitation at boundaries. Since our doping concentration is higher than the solubility limit, excess amount of dopants must be precipitated somewhere. A previous study suggested that P is likely to form a compound such as SiP which precipitates at the grain boundary [22] . Since the composition is different between the grain boundary region and the grain region, an electron potential difference will occur. These two effects can also happen in bulk Si, but the effect is greater in nanostructured Si 95 Ge 5 due to a higher boundary density.
In summary, we have achieved an enhancement in ZT by a factor of 2 in nanostructured Si and of almost a factor of 4 in nanostructured Si 95 Ge 5 in comparison with bulk Si. The enhancement is mainly due to the reduction in the thermal conductivity by the increased scattering of intermediate wavelength phonons at the nanosized grains and by the point defect scattering of short wavelength phonons. It is clearly demonstrated that phonons with different wavelengths need to be matched with similar size scatterers so that effective phonon scattering can take place to achieve the lowest possible thermal conductivity.
